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SUMMARY

(1) Attention ic call’ed in the following paper to pi-ecious incestigatiion~ of gaseous mplo%iw
reactions carried out under conskmt-rolww conditions where the e$ect of inert gases on the i%ermo-
dynamic eqwililwiwm was determined. The adoantage, of constant-pressure method~ ocer those of
con.stant volume as applied to studies of the gaseous eizplosice reaction is po{nted out and the possibility
oj realizing for this purpose a constant-pressure bomb mentioned.

(9) The application of constant-pressure method8 to the study of gaseous ezplotice reactions,
made possible by the use of a constant-pressure bomb, led to the dlscozery of an important kinetic
relation connecting the rate of propagation of the zone of explosi~e reaction”within the act!ke gases,
with the initial concentrations of those gases:

s = kl[A]”’~]’’[c]”’ ------

(3) By a method analogous to that followed in determining the e$ect of inert gases on the equilib-
rium constant, K, the present paper record~ an attempt to determine their kinetic e~ect upon i%e.mpres-
sion gizen abore. It is found that this ejfect for the ineti gases investigated, – N2, He, and (702– may
be expressed as

s = k1[A]nI@]nZ[C]n3------ + P[Gi]
*

where [Gi] represents the initial concentration. of the inert gas. From. re.suh obtained it ~eem~
probable that the rake of B depends upon the combined e~eci of the thermal properties of the inert
gas on the heat distribution of tfie reaction; the property of heat conductivity king predominant.

(4) An e~raple of tii.e utility of the constant-pressure bomt for the study of the kinetics of the
gaseous exp~osice reaction is o~ered in the results of the present paper.

THERMODYNAMICS

From the standpoint of Lherrnodynamios the effect of inert gases upon the equilibrium of .
the gaseous explosive reaction has received extended consideration from Nernst and his pupils
(References I, 2, 3), who employed in their investigations a spherical bomb of constant volume
fired from the center. This series of investigations extended to temperatures of over 3,000°
Abs. and formed part of the most extensive investigation of a gaseous reac~ion iuvolving the
equilibrium products of combustion, carbon dioxide, &nd -water vapor, that has yei been carried .

out. ‘t No other chemical equilibrium has so f~ been investigated by so many methods dich
can aJ.sobe controlled zt the same time by thermodynamic calculations. * * * A specially
high value must be attached to explosion methods, since, by suitable variations of the experi-
mental conditions it enables both the specific heats and the equilibrium to be determined.”
(Reference 4)

In a previous report (Reference 5), a simple device was described Lhat was found to function
ELSa bomb of constank pressure. This simple device-an ordinary soap Bm holding temporarily
the active gases to be investigated-provides the complement to the bomb of constant vol~e
in Lhe relation

PV=nR1’ (1)
479
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FIG. I.—Shows a photographic time-volume record of four gaseous explosive reactions at eonsbnt pressure. The
figures are % actual size. 2? is the sphere of initial components considered, 2r’ the sphere of its reaction
products at the instant the reaction is complete
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by expressing the initial and fl.nal condition ~f the reagtihg gases in terms of volume 1 at a
constant pressure instead of pressure at a constant volume.

Besides the advantages attemiing the use of constant pressure methods as applied to
thermod-ynamic studies of gaseous explosive reactions, the constant pressure bomb aIso offers
unusual advantage in the study of an imporfiant kinetic phase of the reaction, namely, the
rate at which the zone of explosive reaction is propagated within the active gases. The reason
for this advantage both to thermodynamic and kinetic studies lies chiefiy in the facb that at
constanfi pressure the processes of the explosive reaction become automat,icsdly uniform,
whereas, under the condition of constant volume and, to a much gre&ter extent under
conditions that only approach constant vohme, they become unusualIy wwiable and com-
plex. The possibility secured by a constant pressure bomb of so conditioning the reaction
that it may run its course at a constant pressure (not necessarily atmosphere) thus greatiy
simplifies the course automatically taken by the transformation by eliminating a number of
variabIes due to the effect of variable pressure upon the mass movement of the gases and upon
their concentra~ions. The constant pressure bomb being transparent permits an accurate and
continuous time-volume record of the reaction to be directly secured by photographic means.
f5uch a record much reduced is shown at Figure 1. It gives the dimensions of the initial and
fired volumes of the reacting gases independent of the volume of the container and records the
uniform progress by which a sphere r of initial components is transformed a~ a constant pres-
sure into a sphere of equilibrium products, r’. This final volume represented by r’,— as does
the fiaI pressure in” the case of a constant volume bomb—corresponds to the equilibrium con-
stant of the reaction,

~= [.1’]“JB’]’’2[c’] “3

[A]’jp]~,[c]~3.........- (2)

Pier has shown (Reference 1,p. 538) that the deviation from this constant due to the presence
of an inert gas, permih the speoific heat of that gas to be determined at the reaction tempera-
ture; and Siegel (Reference 3, p. 651), has shown that this expression aLlows the degree of
dissociation of the combustion producks to be found. For the case of the t.rimolemdar reaction
2C0 + 02, equation (2) may be written

== [~Q12
[co]’[o,]

and if x is the degree of dissociation of ~Oz, then, for the ease of the constant pressure bomb,

&= Pal’ _(l–x)’(2–x)
[co]’[o,]– z’

KINETICS

(3)

The photographic record (frg. 1) of the gross mechanism and progress of the reaction at
constant pressure, upon which equal time intervals have been impressed, is a time-voIume
record of the reaction and hence may provide some general information as tO the kinetics of the
explosiFe transformation.

If the rate of ffame movement is to be connected in any way with the rate of molecular
t.ransformatioD, it is obvious that its rate should be determined relative to the gases it-is trans-
forming and not relative to space, as is usually done. And it should likewise be recognized that

-.

~Itshonld be made dear that the term volume does m+, here refer to the eetw.1 vobne of the tempxary soap flhn cantalner. The wmmetry
automatically tied by the mne of reaction in tbe us% of a hornogenems mixture of exploske gesss tied from a pafnt and under esmditions of
cmstancpres.mre, offers a much more accurate mode of pnxxdure; for under these enmiitiom the zone of reaction originating at the pofnt of ignition
advances in all dkectiom from ibis point at a constant rate. It thus forms en expanding spherical shefl 01flame fnefostng the products of combustion
8s ~hey we formed by the wge of the irdtiel acti~e components through the zone of e@xive reaetion adwmeing ats. mm~tantrate. This sphere
of reaction products is thus pmteckf as welf as may be from heat losses, during the reaction, due to conduction end convection. By refereuw to
Fignre 1 it will thus be asen that the initief voInme of gasss mnssdered, is the volume ofenideal sphere Zrof the gases held by tba tempomy con-
tainer, and not the volnme of the eonteiner itsslf, for this is never e.sphere. The 6naf vobxne is the voIume of the sphere 2r tradorrned fnto the
sphere of reaction products, W. The conditions that detemnine uniform jlrnne nrwement in a gaseom expkive reec%fon-whether for the sfmrer
re.@ion rates or for the more rapid retes of the espIosive wave-are a homogeneous m.ixtnre of the qIosive ssw and a constant pressm% f.x under
these conditions onfy is it p#ssibIe for the mess mowzment of the gasas and for theti eoncwntm.tionsto remain constant durfng the reaction prwx53.
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unless the method employed makes it possible to follow the concentrations of the active gases
which the zone of explosive reaction is entering, a kinetic relation connecting the movement of
this region with the composition and concentration of the explosive gases, could hardly be
expected to result from its use.

An examination of a great number of records similar to that shown at Figure 1, obtained
with different gases at different concentration ratios, has shown that at constant pressure tho “
rate of movements of the zone of reaction, measured relative to the active gases, is proportional
to the product of the initial partial pressures of those gases:

s=i& [A]fil [B]~a [Cl~3 .. -. .-. . (4)

In this expression, .7cIis a proportionality factor. The inclosed symbok refer to initial concen-
trati&s or partial pressures of the active components. .s is the rate of propagation of the zone
of reaction measured relative to the active gases it is entering.

It was of inberest to examine the effect of inert gases on the rate of propagation of the zone
of reaction in the light of the kinetic relation expressed in (4) and by a method suggested by that
employed in the determination of their effect upon the thermodynamic equilibrium. It is the
purpose of this report to record the results obtained in this endeavor.

EXPERIMENTAL PART

From the photographic iigyre of the progress of the reaction, it will be seen that the const ant
rate of flame movement s’, in space, may be determined at any instant during the transforma-
tion. At hhe instant the reaction is completed its value may be written

Tt,81=7 ---

But this is not the rate at which the flame is entering the gases. The rate .s, at which the frame
is entering the gases, may be found for the case of a spherical shell of flame expanding at a

uniform rate .s’, as foHows: Let m, m (fig. 2) be an element of the

Im flame surface held at rest by the uniform rate of flows, of the active
gases against it; then s yjll be the rate at ybich the flame area

~s’ ~s enters the gases and # will be the rate at which the transformed gases
P’ P leave the flame area. If Pand P’are the initial and final gas densi~ies

then from the equality of masses
m

FrQ.2 ps=pf&.l

For the case of the tiwo spheres of radius r and r’, we also have from the equality of masses

For experimental purposes, the gaseous explosive reaction at water vapor saturation,

2C0 + 02=2C0,

was selecfied. For this special case equation (4)may be written

s = ?cI[CO]2[02]
and including equation (5),

.s=5 =L VW [021

(6)

(7)
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Since the sum of the partial pressures of the gaseous components present in the reaction
at pressure p must equal p, equation (6) ma-y be written for atmospheric pressurej

5’= I& [CO]*[1 – co] ●

without desia~ating the composition of 1 —(20 further than to indicate ihat the sum of the
partiaI pressures of its components remains the same as the partia~ pressure of the component ,
OZ in equation (6) and that under the same circumstances both equations represent the same
impact probability though not the same proportion of effective impacts nor the same po tentiaI
energy. In case the component 1 – CO is made up of the fraction a of the active gas 0, and
the fraction (1 – a) of an inactive gas, the partial pressure of this component maybe expressed as

[l–co]=[l–co] (Z+[I-CO](1–a)
acti~e inert

and equation (6) may then be written as

s=lq ([co]z [1 – co] (z+ [CO]2[1– co] (1– (2)).

If all of the impacts involving the inert gas are futfle and the possibIe effect of its various physical
proper~ies as specific heat, heat conductivity, etc., on the course of a thermal reaction be dis-
regarded, then the last term in the abo~e expression maybe negIected and the effect on reaction
probability of repIacing the fraction (1 – a) of an active gas by an inactive one may be written

8=kl [CO]* [1 – CO] a (8)

This mass lam expression takes into accounb the effect of the remaining active components only;
and this is the major effect to be expected; but -wbiIe the inert gas introduced may take no
part in the molectiar transformation, its presence in the zone of explosive reaction and in the
active gases adj scent to itj must necessarily affect the heat distribution in that region. If the
effect of the thermal properties of the inert gas is a simpIe function of its concentration, then ,
the deviation from the relation repressed in (8), due to its presence in the zone of reaction. might
be expressed as

.SL=$i=kl[CO]2 [1–CO] a+~ [1–CO] (l–a}. (9)

From this relationship it will be seen that the maximum effect of the inert gas should be found
for the minimum value of [(20] and w“ce rersa. In carrying out the observations, therefore,
the effect of each sucwssive increase in the partial pressure of each of the inert gases inves-
tigated, nitrogen, carbon dioxide, and helium: was observed over the entire range of partial

pressure ratios that would ignite, This procedure, which resuIted in a very large number of
observations and calculations, was necessary because the proportion of inert gas to the wlmle
varies with each ratio of the partial pressures.

?Smeof the thermal properties of the gws invol~ed in the reaction are gken in the following table:

. . —
.—

. __.L

.’.—:..-.

-.
..-—-
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For the purpose of comparison, Table I gives the results obtained when no iner~ gas was
present:

TABLE I

FL.AMESPEED AND VELOCITY COEFFICIENT FOE TEE 2CO+Oa REACTION WITHOUT INERT GAS

Partial pressure (atmospheres) 1- ‘-
[co]

0.25
.30

. %
, 43.5
, 45
.47
.48
.50
.505
.532.
. %
.585
.60
.61
.63
.67
.69
.70
.75
.80
.825
.84
.86
.894
.94

0.75
.70
.65

. %5

..55

. %

.50

.495

.468

.45

.44

.415

.400

.39

.37

.33

. %

.25

.2.0

.175

. :!

.106

.06

0.0469
.0630
.0796
.0907
.1069
.1114
.1171
.1198
.1250
.1262
.1326
.1361
.1380
.1420
.1440
.1451
. 146S
. 1Z81
.1476
.1470
.1406
. :;:.

.1129

.1136

.1147

.0530

. ,.

34.9
44.0
53.5
66.0
75.5
76.0
83.5
84.0
87.0
88.0
89.0
94.0
93.0
97.5
99.5

100.0-
102.0
104 c1
104.0
99.1
96. .3
90.5
82.0
78.7
66.5
58.0
33.0

J- ...

. .

k= [cJ[(J,}

! ,.Av. k, ~

---
,

---- . . -.. _._p-~—<~

The results given in the above table maybe expressed in graphic form by pIotting the vtdues-. . .
ofs as ordinates and either the corresponding par~ial pressures or the corresponding values for
impact probability, T= [CO] 2 [Oz], as abscissas. In 131gurG3 and in the other figures to be given,
the more familiar reIation between rates and partiaI pressures will be used. The experimental
values of .sfound are represented in Figure 3 by solid circles. Theoretical values corresponding
to the relation s = kl [CO] 2 [02] are represented by open circles connected by a continuous line.
This curve will be reproduced for reference in the figures that follow that represent the effect of
an inert gas on the rate of reaction.

In Figure 4 the upper curve represents results when no inert gas is present. The lower curve
represented by a continuous line corresponds tcJ equation (8), s = kl [CO] 2 [1 – CO] 0.9, for the
case where 10 per cent of the component I —CO is made up of an inert gas. The experimental
values found when 10 per cent of inert gas used was N2 are indicated by the mark x ; when the
inert gas was C02 by the mark ❑ ; and when the inert gas was He by the mark A. W%en such
small amounts as 10 per cent of the different inert gases are introduced, not much difference in
their effect is to be noticed. Their thermal characteristics do not mask the effect of the active
gases.

In like manner, Figure 5 represents results obtained when 20 per cent of the component
1– CO consists of an inert gas. The lower continuous curve corresponds to equation (8) for
this case, S-=kl [CO]2 [1 – CO] .8. The observed values when this amount of the three inert
gases FTz,C02, and He ivere successively used are indicated by the ‘same symbols employed
in Figure 4.

When 40 per cent of the component 1 – CO consists of an inert gas, the individual thermal
characteristics of the different gases become more marked, When a somewhat greater amount
than 40 per cent of COZ is employed at atmospheric pressure the range of ignition is much
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reduced and the reaction rate becomes so slow that &he few results obthable with the gas
are of Iittle value—the sphere of heated reaction products starts to rise, like a hot-air balloon
before the reaction is completed.

A tabulation of the results obtained with 40 per cent He is given below in Table II”.
Similar tabulations were made in all cases for the other inert gases used and for each successive
increase in the amount introduced.

TABLE II

FLAME SPEED AND CONSTAXT & FOR TEE 2C_10+ Oa REACTION IN THE PRESENCE OF HELIu3f

Partial pressure (atmospheres)
[co] [1–co] [He]

I

10.22

i. 265

I

.30

I .40
I
I

.45

.50

.55

.60

! .65

I .70

I .75

.80

I

O.78

.735

.70

.65

.60

.55

. 50

.45

.40

. 35

.30

.25

.20

.15

0.312

,294

.280

.260

.240

220. .

.200

, 180

.160

.140

.120

.100

.080

.060

r=
[Cop[l-co]

0.0377

.0516

.0630

.0796

.0960

.1140

125~. .

.-1360

...1440

. i480

.1470

.1410 “

.1280

.1080 “

f
s’= ~

cm/sec.
.

256
266
267
26L...
335..
349Z~40...

330’”-
368:’
393:
359--
384
440
455
441.
&.5~”–
512
470
498...
511
548
552, -.,
553
509
566
563
573
671
626
615 -
613.
635,
590
610.=
618
619
604
618
605
588
591.
582
604
560 .
538
536
.518
480
439_
421
’445
291
2SJ9-
314”
28’7

48.3
50.2
50.4
49.2
55.5
57.9
56.3
54.6
58.6
62.7
57.1
6L2
60.0
62.8
60.2
62.6
70.0
64.3
68.0
69. 8“
7%.8
73.3
73.4
67.6
72.1
71.7
73.0
80.5
75.2.
73.8
73.6
79.1
73.6
76.1
77.0
77.6
75.7
77.5
75.9
73.5
?3. 9
72.8
75.5
72.4
69.5
69.2
66.9
69.1
62.5
59.8
61.9
50.7
52.0
55.5
50..0

Crr&.

49.5

56.1

59.9

61.4

68.0

71.8

72.3

75.8

76.5

76.6

73.9

69.5

63.3

52.0

~=s--hu [co] ;[l-CO)[E%]

.

112 t

119 I[

119

I
111

117

118

99

105

101

103

108.

103

101

100

Av. (3 108
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.lligure 6 shows experimem%d results obtained when 40 per cent of the component 1–CO
was made up of inerfi gas. The lower continuous curve corresponds to equation (S) for this
case, s =11 [CO]2 [02] .6. The deviations of the experhnentd values from this curve me well
marked.

In the last column of Table II for helium is given the experimental value of P in equatioh-(9).

W%en the average value of this factor, 10S, is introduced into equation. (9) and the values of s
computed over the possible range of parfiial pressure ratios, the curve marked He results. In
the same way there -ivas obtained from the experimental vaIues for 40 per cent COZ, /3= – 41.8
and for 40 per cent ATZ,fl =42. T7hen
these values are substi~uted in equa-
tion (9) the curves marked COZ and
&T2are determined. The constancy
of these &vahles indicate that the
thermal effect of the inert gas on the
rate of ffame propagation is propor-
tional to its concentration in the
explosive mixture. That its value
depends upon the additive effect its
physical properties have on the heat
distribution of the reaction seems
reasonable. Of these properties, that
of heat conductivity is expressible as
a rate; that of its specific heat, being
a thermodynamic factor, is expressi-
ble, as already poiuted out (Reference
4) in terms of the thermodynamic
equilibrium. The kinetic effect of
the spec~c heat of the inert gas -ivould
be expressed as a temperature coef-

ficient of the velocity constant k
(Reference 6).

The eflect of adding an inert. gas
of high heat conductivity to a gaseous

(7 .I.Q .20 ..32 .+’0 =50 .60 .70 .80
rrnl

.90 m

.s0 .80 .70 -60 .50‘--’.40 .30 .20
[1-co]

Jo o

Parfid Dres.sures
explosive mixture may seem in some FIG. 6.—The UPW mr~e corresponds to values found when no inert gas was IMCSW;

cases anomalous, for it may even theIowwhezw ccmtmnous crime withmn other marks corr~nds to equation
(8) for the case where lW. of the comxmmt I–C O cmskta of an fnert -s:

increase the rate of flame propagation s=~,[C012[1–CO1.&ThecwvwLuer~&lHe,N~andCOfr?prw~tsdby the
open,cucks and the did line correspond to equation (9) when the respective

for some partial pressure ratios above
~@utaI VSIWfws sreintrtiu&. me obaerwi.valueswhenthehart
gasu- wasN! areindieakdbytie markX, COZbythernar~B md Heby
themarkA

those -where no inert gas is present.
This may be seen by comparing the observed and theoretical values for the 40 per cent He
mi~tures w“ith the observed and t.heoreticaI values for pure Co and 02 mixtures. The presence
of an inert gas of high heat conductivity y also increases markedIy the range of ia~ition; dile
a gas of Iow conductivity reduces it.

The mixture ratio for maximum fiame velocity for the conditions e.xpre.ssed by equations
(6) and (8) is the point 0.66+ in the coordinate figures. But for equation (9) this point -will
be displaced to the Ieft according to the positive magnitude of the last term, and to the right
according to its negative maa~itude. It d be seen that the experimental result confirms
this deduction.

—

It is also of interest to note that it is possibIe to secure a mixture of tw-o inert gases -ivhose
thermal effect upon the rate of reaction is in opposite sense, such that their effects balance
each other and the last term in equation (s?) becomes negligible. The conclusion could be
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dra}vn from such a case that the reaction velocity is dependent only on the concentrations of
the active components. This conclusion might also seem mirranted by the experimental
resuIts obtained When the inert gas is present in comparatively small amounts; l?igures 4 and
5; and for all of the results Where the value of [CO] is large and tha partial pressure of the
inert gas small. It Was therefore important to make use of inert gases Whoso thermal charac-
teristics differed -ividely and to determine in each case the efiect of the reaciion of the same
active components upon the same partial pressure of each of the Inert gases and this for the
inert gases over the entire range of partial pressure n&ztures that }vould ignite. The complete
tabulation of so large a number of observations is perhaps unnecessary to reproduce here. ./i
specimen tabulation for 40 per cent He is given, Table II. The theoretical and observed
results obtained for that gas and for COZ and ~i are indicated graphically at I?igure 6.

BUREAU OF STANDARDS,

1.
9-.
3.
4.
5.
6.

WASHIXGTON7 D. C., June 24, 192?.
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